Introduction
The 2002 Winter Olympic and Paralympic Games will be held in the vicinity of Salt Lake City (SLC), Utah, during February-March 2002 . Approximately 3,500 athletes will compete in 15 sports that will take place at 5 outdoor and 5 indoor venues. A weather support system has been developed to provide weather information for the Games. This system is managed by the weather support group in the sports department of the Salt Lake Olympic Committee (SLOC) and involves meteorologists from government agencies, private firms, and the University of Utah. Weather forecast operations begin several days prior to Opening Ceremonies on 8 February, continue through Closing Ceremonies on 24 February, and resume for the Paralympics from 7-16 March.
Planning for the weather support system began in 1995, shortly after the selection of SLC by the International Olympic Committee as the site for the 2002 Games. Early development of this weather support system was done by individuals at the University of Utah and the National Weather Service (NWS) SLC Weather Forecast Office (WFO). Further development of the system has involved many people at SLOC, WFO, NWS Western Region Scientific Services Division, the NOAA Cooperative Institute for Regional Prediction (CIRP) in the Department of Meteorology at the University of Utah, and a private sector forecasting group associated with KSL, the local National Broadcasting Company (NBC) television affiliate.
Indoor and outdoor venues for the 2002 Winter Olympic and Paralympic Games span a broad area of northern Utah (Fig. 1) . Indoor venues are concentrated in the Salt Lake Valley, but one venue is located in Ogden to the north and another is located in Provo to the south. This metropolitan corridor is called the Wasatch Front, has an elevation of ~1300 m, and covers a north-south distance of 110 km to the west of the Wasatch Mountains along Interstate 15. The five outdoor venues lie on the eastern flanks of the Wasatch Mountains. A large number of spectators will travel from accommodations located up to 100 km away from the venues. For example, on the first day of competition (February 9), many spectators will travel across the Wasatch Mountains on Interstate 80 to watch mogul skiing at Deer Valley (16,000 people), ski jumping at the Utah Olympic Park (22,000), and cross-country skiing at Soldier Hollow (20,000) (Loomis 2001 ).
Significant weather events have affected all past winter Olympics. For example, weatherrelated delays for alpine ski events occurred during the 1984 Sarajevo, 1992 Albertville, and 1998 Nagano Games, while warm temperatures and high winds affected operations during the 1988 Calgary Games. Adverse weather (e.g., heavy snowfall, strong winds, low visibility due to fog or snow, or avalanches) may delay or postpone events associated with the 2002 Winter Games. Snow and ice-covered surface streets and highways within the Wasatch Front and over the Wasatch Mountains could impede road access to the venues by athletes and spectators while limited visibility and high winds could hamper aviation operations over mountain passes. The safety, health and comfort of spectators who may be outdoors for several hours could be affected by heavy snow or rain, extreme wind chills, or snow and ice on walkways. An extended stable period with cold air trapped in the valleys could lead to poor air quality that may result in respiratory problems for athletes and spectators. Still other activities affected by weather include:
•snow making,
• construction, safety, and durability of temporary outdoor facilities and displays,
• outdoor ceremonies (opening and closing ceremonies at the University of Utah and medal award presentations in downtown SLC),
• outdoor celebrations in cities throughout northern Utah,
• operation of parking lots at venues and transportation hubs,
• emergency and security operations related to the spill or release of hazardous materials.
In addition, almost all aspects of outdoor competition are impacted by less extreme weather events on an event day. Ski jumper safety can be a concern even in light winds if the winds are gusty. The ability to compete for medals in nordic or alpine ski events requires proper preparation and waxing of ski bases for the snow conditions that are observed during an event. A day prior to the Men's or Women's downhill, top-rated skiers and their teams evaluate current and future weather and snow conditions to select starting positions that they hope will provide them with the best conditions for their run.
The Olympic weather support system must meet the diverse requirements of the 2002 Winter Games in the context of the winter weather often experienced in northern Utah. Typical and extreme weather conditions observed during past winters in northern Utah will be summarized in the next section. An overview of the weather support system will be presented in Section 3 followed by a more detailed discussion of the support activities provided by CIRP. The potential legacies of the weather support system will be summarized in Section 5.
Local Climates and Hazardous Weather a. Local Climates
The interaction of atmospheric flows with the complex terrain of northern Utah contributes to the development of a variety of micro climates. We summarize here the typical weather likely to be experienced by the athletes and spectators on the basis of long-term records (over 30 years) available at valley stations and some mountain locations. Records at several of the outdoor venues were available only for the past several years (see Section 4a). Some hazardous weather tends to recur in preferred locations as summarized in Fig. 2 . Ice fog develops along the bottom of the Salt Lake Valley, which often affects operations at the SLC International Airport, and contributes to hazardous driving conditions near the intersection of I-215 and I-15 (Fig. 2) . As noted earlier, there is an 8% chance that fog will develop on a given February day near the SLC Airport. Prolonged ice fog events also occur, on average, every few years.
In February 1985, dense fog was reported at SLC for 22% of the Olympic period. Hazardous driving during snowstorms is also a common occurrence over major passes, which climatologically observe measurable snowfall on around one-third of the days during the Olympic period. Avalanche hazard can also result in the closure of US-189 in Provo Canyon (Fig. 2) A major winter-season forecast challenge for Utah meteorologists, and a concern for Winter Games logistics, are lake-effect snowstorms produced by the Great Salt Lake. Such snowstorms can produce snowfalls of 10-30 cm (4-12 in) in the Wasatch Front (see Fig. 2 ), and have contributed to lowland storm total accumulations of as much as 130 cm (50 in) (Carpenter 1993; Slemmer 1998; Steenburgh et al. 2000) . Installation of the NWS Weather Surveillance Radar-1988 Doppler (WSR-88D) radar at Promontory Point in 1994, and subsequent development and expansion of MesoWest (see Section 4a), provided an opportunity for rapid progress in the understanding of Great Salt Lake effect snowstorms prior to the Olympics. Steenburgh et al. (2000) , Steenburgh and Onton (2001) , and Onton and Steenburgh (2001) describe the large-scale characteristics and mesoscale structure of Great Salt Lake-effect snowstorms. was closed.
• 18 February. A record high minimum temperature of 11 o C for February was observed at the SLC airport. Snowmaking at the Soldier Hollow cross-country venue would have been impossible from 14-18 Feb.
• 19 February. A squall line traversed northern Utah with a 54 m s -1 gust at the Park City Ski
Resort. Morgan County was declared a disaster area as a result of flooding (considerable traffic to the Snowbasin Ski Resort will travel through Morgan County).
Olympic Weather Support: Organization and Roles

a. Organization
Olympic weather support has traditionally been led by the host country's primary weather McLaughlin and Rothfusz 1996; Powell and Rinard 1998; Snook et al. 1998; Johnson et al. 2000) . Olympics also have served as opportunities to showcase new technology and test new forecast techniques (Snook et al. 1998; Keenan et al. 2000) .
Meteorological services prior to and during the 1998 Nagano Winter Olympic Games were provided by the Japan Weather Association, the largest private weather organization in Japan, under contract from the Nagano Area Organizing Committee. Weather delays during the Nagano Games were greatly mitigated by long-term meteorological planning and development of a sophisticated and detailed forecast system.
The organization of the weather support system for the 2002 Winter Games differs from the ones used for previous Olympics. Table 1 summarizes the groups that will provide weather support during the Games. The primary weather forecasting responsibilities for the Olympics are shared by NWS and KSL forecasters. Forecasters from other government agencies will provide forecasts for specific Olympic-related applications. Other groups, including CIRP, have developed resources that will be used by the forecasters. We review the roles of each group in the following sub-sections. In addition to routine WFO operations, the supplementary NWS forecasters will be responsible for coordinating warnings and forecasts with the KSL forecasters, as well as forecasters at the Aviation Security Operations Center (ASOC) at Hill Air Force Base. They will also issue a Hazardous Winter Weather Potential product twice each day that focuses on each of the primary transportation corridors connecting the Wasatch Front with the venues to the east of the Wasatch (see Figs. 1 and 2 ). This product includes forecasts of weather, wind, temperature, wind chill, precipitation type and amount. Forecasts of weather, wind, temperature, and snowfall amount are also made for the avalanche zones along US-189 (Fig. 2) . The Utah Department of Transportation will use these forecasts as part of their winter road maintenance and avalanche control operations along with forecasts issued by Northwest Weathernet (see Section 3i). The supplementary NWS forecasters will field media inquiries from both SLOC-accredited and non-accredited media organizations that may otherwise overwhelm the existing WFO staff. weather information at the WOC will be received from AWIPS. Additional observations will flow from the venues and from CIRP. The NWS will distribute weather guidance to many users through a public web page and other routine distribution methods. NWS products will also be inserted into the protected communications system operated by the Utah Olympic Public Safety
b. SLOC Weather Support Group
Command, which is a consortium of local, state, and federal security and safety agencies. Other components of the data flow required for the Olympics will be described in later sections.
d. KSL weather team
A team of 13 private sector meteorologists has the responsibility to provide detailed microscale weather forecasts for the five outdoor venues (Fig. 4) . These forecasts will be used primarily by the athletes, sports managers, team captains, venue managers, Olympic officials and on-site spectators. Four members of the KSL team will work in the WOC while seven other members will be located at the five mountain venues. The remaining two members of the team provide overall coordination and will give briefings to Olympic and SLOC officials in SLC at least twice each day. Weather briefings will also be provided to SLOC-accredited media at the Olympic Media
Center. The KSL forecasters have the responsibility to "funnel" the overall weather picture down to the microscale of each venue. A joint weather phone conference will be conducted each morning by the venue, WOC, and ASOC forecasters. Mesoscale forecasts will be sent to each venue from the WOC, and the KSL venue forecasters will then interpret the information and apply it to the microscale. Briefings at each venue will be given routinely 2 to 3 times a day or more often if needed. The venue forecasters will have on-site access to the latest weather observations, graphics and model data using FX-Net (see Section 3f) and also have access to weather products over the Internet. Weather forecasts will be issued three times daily at 6 LST, 12 LST, and 18 LST.
Updates will be issued as needed. The first 13 hours of each forecast period will consist of hourly forecasts followed by 3 hourly forecasts out to 60 hours. Forecast fields include: sky cover, precipitation type and amount, air temperature, wind direction, wind speed, wind gusts, wind chill, visibility, humidity, and snow temperature. The Olympic weather support project at the University of Utah contributes to the educational, research, and public service missions of the University. Olympic-related activities underway in CIRP will be summarized in greater detail in Section 4.
f. NWS Western Region Headquarters
The NWS Western Region Scientific Services Division has set up AWIPS servers to feed data to the outdoor venues where it can be viewed on the FX-Net system. This PC-based system was designed by NOAA's Forecast Systems Laboratory as a vehicle to allow meteorologists to look at the AWIPS data set on a lower-cost platform fed by narrow bandwidth communications. Hence, the KSL venue forecasters have access to the same data sets as the NWS and KSL forecasters at the WOC. The venue forecasters tested the FX-Net software during the past winter and were satisfied with its performance.
g. Aviation Security Operations Center (ASOC)
ASOC forecasters will provide forecasts and briefings to pilots flying to venues. A communications line and FX-Net system have been installed at the ASOC at Hill Air Force Base to facilitate coordination between WOC and ASOC forecasters. To support helicopter and other aviation traffic landing at outdoor venues, the U. S. Air Force will also deploy Tactical Meteorological
Observing System (TMOS) portable weather stations near the Snowbasin, Olympic Park, Park City, and Soldier Hollow outdoor venues, as well as at one location to the west of the mountain pass between Salt Lake City and Park City (see Fig. 5 ). TMOS provides continuous reports of wind, temperature, moisture, ceiling, visibility, liquid equivalent precipitation, and present weather.
h. Utah Avalanche Center
The U.S. Forest Service Utah Avalanche Center is located at the WOC. In addition to their normal duty to advise back country travellers (skiers, snowmobilers, snowshoers) on avalanche potential, the avalanche forecasters will provide guidance to security personnel on avalanche risks around the back country perimeters of avalanche-prone venues.
i. Other Groups
Some weather forecast activities are largely autonomous from the weather support system out- 
CIRP Support Activities
Research has been underway since the creation of CIRP in 1996 to improve the understanding and prediction of atmospheric flows in complex terrain. For example, the Intermountain Precipitation Experiment (IPEX) was held during February 2000 in the vicinity of SLC to improve the understanding, analysis, and prediction of precipitation over the complex orography of the Intermountain West (see companion article by Schultz et al. 2002) . Besides basic and applied research on Utah weather (see Section 2), CIRP faculty, staff, and students have contributed to the Olympic effort in three general areas: monitoring current weather conditions in northern Utah and around the West, real-time mesoscale modeling, and direct support activities for the Olympic weather support system. These activities are summarized in the following sub-sections.
a. MesoWest and SnowNet
A number of weather networks were operational in northern Utah when the Winter Olympics were awarded to Salt Lake City in 1995. Work was underway at that time by forecasters at the SLC WFO and researchers at the University of Utah to collect the observations from those networks for use in weather forecasting and research. Nonetheless, it was recognized that additional collaboration with SLOC, commercial firms, and local, state, and federal agencies was necessary to support the weather needs of the games organizers, athletes, and the weather forecast team. water resource management, air quality monitoring, winter road maintenance, equipment development, agriculture, ski area operations, and emergency management.
As part of a combined effort of the SLC WFO and CIRP, the WFO operates 4 computers that collect weather observations by phone and radio from Campbell Scientific weather stations deployed by commercial firms and government agencies. This collection effort is called SnowNet and radio base stations are maintained at the Promontory Point WSR-88D radar site, Farnsworth Peak, and Olympics Sports Park to provide radio coverage across the Great Salt Lake, over the Wasatch Front, and at the Sports Park venue, respectively (Fig. 5) . Weather observations are collected from 27 sites at the 5 outdoor Olympic venues (Fig. 4) . All weather stations report wind, temperature and relative humidity, while at least one station at each venue has additional liquid equivalent precipitation, snow depth, and pressure sensors. Weather aides at the outdoor venues will help verify automated measurements, especially snowfall. Weather stations are also located in close proximity to all of the indoor venues within the Wasatch Front (see Fig. 5 ).
As a means to integrate the surface observations in northern Utah for use in nowcasting and forecast verification, surface analyses of temperature, wind, and relative humidity are generated using the ARPS Data Analysis System (ADAS) on a 1-km horizontal grid every 15 minutes . These analyses are made available, along with the surface observations, via the Internet to all potential users as well as distributed for use in AWIPS at the WOC and FX-Net at the outdoor venues (Fig. 3) .
b. Real-time mesoscale modeling
For the past 3 years, CIRP has provided modeling support to WFO operations in the form of twice-daily real-time model guidance. These activities have allowed for hands-on use of the modeling system by WFO and KSL forecasters, and the development of MOS equations that provide point-specific forecasts for Olympic venues and other weather-sensitive locations. The modeling system is known as the Intermountain Weather Forecast System (IWFS) and is based on the nonhydrostatic Penn State/NCAR MM5 version 3 (Grell et al. 1995) . (Fig. 6 ). Forecasts produced with the new configuration were used by Olympic forecasters for several months prior to the Winter Games. Major parameterizations include the explicit moisture scheme of Hsie et al. (1984) with improvements to allow for ice-phase microphysics below 0˚C (Dudhia 1989 ), Kain and Fritsch (1993) 
Legacy
The states that comprise the Intermountain West are undergoing significant population increases and the socio-economic impacts of winter storms in this region are high (Schultz et al. 2002) . The weather support infrastructure developed for the Winter Olympics will have long-term benefits to the public throughout the Intermountain West. The improved tools (MesoWest, ADAS, and IWFS) will be in place to monitor and predict storms throughout the Intermountain West during all seasons. The experience gained from the application of these tools by skilled NWS and private forecasters will likely prove invaluable to continued improvements in both operational and research models. In addition, the ongoing research related to lake-effect snowstorms and orographic precipitation will help to improve the understanding of winter weather in complex terrain.
Improved understanding benefits not only Olympic forecasts, but other weather prediction activities over northern Utah, including public forecasts and warnings by the NWS and avalanche prediction by the Utah Department of Transportation and Utah Avalanche Center.
The dense network of MesoWest observations in northern Utah has been utilized for other research applications. For example, the Department of Energy Vertical Transport and Mixing (VTMX) experiment was held in the Salt Lake Valley during October 2000, in part, as a result of the existing infrastructure that is supported by government agencies and commercial firms (Doran et al. 2002) . Additional field programs are likely to occur in this region as a result of the existing data resources and the many scientific questions arising from the complex air flow over the Wasatch Front, Great Salt Lake, and adjacent mountains. The comprehensive data sets collected during the Olympics, IPEX, VTMX, and future field programs will be invaluable to study mountain weather processes. Quinney. . Local hazardous weather that often occurs in preferred geographic areas includes: ice fog in the lowest elevations of the Salt Lake Valley (green shading), which affects aviation at the SLC Airport (green dot) and surface travel near the southern intersection of I-215 and I-15 (green dot); lake-effect snowbands, which tend to form downstream of the Great Salt Lake parallel to the direction of the prevailing wind flow (pink arrows); downslope wind storms (red shading) to the west of the Wasatch Mountains, including near Olympic Stadium (red dot); blizzard conditions over mountain passes (double red lines); and avalanches along major roadways (double blue lines). Terrain above 2000 m is shaded and icons denote the locations of indoor and outdoor venues. 
